There is a large discrepancy in the open literature about the comparative performance of the existing macro and microscale heat transfer models and correlations when applied to small/micro flow boiling systems. This paper presents a detailed comparison of the flow boiling heat transfer coefficient for R134a in stainless steel micro tubes with 21 macro and microscale correlations and models. The experimental database that was used in the comparison includes the data for 1.1 and 0.52 mm diameter tubes, mass flux range of 100-500 kg/m 2 s and system pressure range 6-10 bar obtained in the course of this study. The effect of the evaporator heated length on the comparative performance of the correlations and models was investigated using three different lengths of the 1.1 mm diameter tube (L = 150, 300 and 450 mm). This comparative study demonstrated that none of the assessed models and correlations could predict the experimental data with a reasonable accuracy. Also, the predictability of most correlations becomes worse as the heated length increases. This may contribute in explaining the discrepancy in the comparative performance of the correlations from one study to another. A new correlation is proposed in the present study based on the superposition model of Chen. The database used in developing the correlation consists of 5152 data points including the current experimental data and data obtained previously with the same test rig, fluid and methodology for tubes of diameter 4.26, 2.88, 2.01 mm.
Introduction
Micro evaporators are expected to play a vital role in the miniaturisation of cooling systems and required increase in energy efficient equipment. Therefore, they also have the potential of reducing capital cost and environmental problems such as global warming. Moreover, micro evaporators have several benefits over conventional ones. These include: (i) larger heat transfer surface area per unit volume; (ii) fewer number of flow patterns with well-defined liquid vapour interface which can allow the development of mechanistic models rather than empirical correlations; (iii) much higher flow boiling heat transfer coefficients; (v) smaller dependence on orientation due to the dominance of surface tension over buoyancy force. Despite these benefits, there is still a major limitation that may impede the development of these micro evaporators from the laboratory to commercial applications, i.e. the lack of reliable correlations to predict the flow boiling heat transfer coefficients at the microscale level. This is necessary for the correct design and operation of this kind of exchangers and their systems. Watel [1] reported that the current design advancement of compact heat exchangers is based on experience and experimentation on prototype units due to the lack of reliable prediction methods. Also, Ribatiski et al. [2] reported that micro evaporators are developed in a ''heuristic way'' without proven thermal design methods for predicting heat transfer and pressure drop.
Despite the more recent published correlations, the conclusion that there are still no reliable correlations for the prediction of the heat transfer coefficient, as stated above, is still valid. This lack of accurate prediction methods urged researchers to conduct more experimental studies on flow boiling heat transfer at microscale with the aim of developing new correlations or models. Accordingly, several microscale flow boiling heat transfer correlations were proposed by many authors. However, these correlations are not general and cannot be extrapolated outside their applicability ranges. For example, many researchers such as [3] [4] [5] [6] [7] [8] [9] [10] assessed a large number of existing macro and microscale heat transfer correlations and reported poor agreement with experimental data. Bertsh et al. [11] performed an extensive review and comparative analysis of saturated flow boiling in microchannels. They assessed 25 correlations using 1847 data points collected from 10 different laboratories, including 19 correlations developed for small to micro diameter channels. They concluded that the best prediction achieved had a mean absolute percentage error (MAE) value of 40% with less than 50% of the data within the ±30% error bands. This led them to conclude that, microscale heat transfer correlations did not add any advantages over conventional ones. Also, correlations that were developed based on fitting the experimental data failed upon extrapolation to predict other data points, while nucleate pool boiling correlations were better, indicating the possible dominance of nucleate boiling in microchannels. Finally, they confirmed the need for physics-based models for predicting the flow boiling heat transfer coefficient in microchannels. In addition to the non generality of macro and microscale correlations, there is a large discrepancy in the open literature about the comparative performance of these correlations when applied at microscale level. For example, the correlation of Lee and Lee [12] , which was developed based on R113, predicted the experimental data of Wang et al. [10] for ethanol very well with a MAE value of 16.4%. On the contrary, the same correlation predicted poorly the experimental data of Qu and Mudawar [13] for de-ionised water with a MAE value of 272.1%. In fact, the discrepancy about the comparative performance of flow boiling heat transfer correlations is consistent with the discrepancy about the published heat transfer results from one study to another. Yet, the reasons behind this large scatter in the published heat transfer results are not clear. Karayiannis et al. [14] proposed two possible reasons for this discrepancy, i.e. the variations in the test section surface finish and heated length. They experimentally investigated the effect of these two parameters on the local behaviour of flow boiling heat transfer coefficient of R134a in micro stainless steel tubes.
Following on from the discussion above, this study presents an extensive assessment of 21 macro and microscale correlations and models. The assessment is conducted using local (h vs. x) and average global values (local and global comparison) using an experimental database for refrigerant R134a, D = 0.52 mm (L = 100 mm), D = 1.1 mm (L = 150, 300, 450 mm), G = 100-500 kg/m 2 s and P = 6-10 bar. This database includes the effect of heated length on the comparative performance of the examined correlations and models. Additionally, a new correlation of the Chen type is proposed based on the current database as well as previously obtained data using the same test rig for tubes with Zhang et al. [16] h 
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inner diameters of 4.26, 2.88 and 2.01 mm and the same refrigerant.
Microscale heat transfer prediction methodS

Empirical correlations
Nucleate and convective boiling mechanisms contribute to the flow boiling heat transfer process. Thus, the flow boiling heat transfer correlations should consider, through a certain approach, the contribution of the two mechanisms. The review of the previous studies demonstrated that three approaches were commonly adopted. The first approach is the superposition model proposed by Chen [15] in which nucleate and convective boiling contributions were simply added together. Examples on this approach are the correlations proposed by Zhang et al. [16] , Saitoh et al. [17] and Bertsch et al. [18] , see Table A1 . Zhang et al. [16] proposed a correlation for saturated flow boiling heat transfer in minichannels based on a database consisting of 1203 data points for four fluids (water, R11, R12 and R113), D = 0.78-6 mm, P = 0.101-1.21 MPa, G = 23.4-2939 kg/m 2 s and q = 2.95-2511 kW/m 2 . Most of the data were in the laminar liquid-turbulent gas flow condition. They modified the convective boiling enhancement factor (F) in the original Chen correlation to be a function of the two phase frictional multiplier (/ L ) which depends on flow conditions (laminar/turbulent). In the original correlation, this factor was given as a function of the turbulent-turbulent Martinelli parameter (X tt ). Also, the single phase liquid heat transfer coefficient (h L ) was modified based on flow conditions instead of using the Dittus-Boelter correlation in the original correlation. All other terms in the Chen correlation were kept unchanged except the nucleate boiling suppression factor (S) where the two phase Reynolds number (Re tp ) in the original correlation was replaced with the liquid Reynolds number (Re L ). Despite these changes, this correlation predicted their database with a MAE value comparable to that predicted by the original Chen correlation, which was of the order of 21%. Saitoh et al. [17] proposed a correlation of the Chen type that takes into account the effect of channel diameter. The correlation was based on 2224 data points collected for R134a in horizontal tubes of diameters ranging from 0.51 to 11 mm. The effect of channel diameter was taken into consideration by incorporating the gas phase Weber number (We g ) into the convective boiling enhancement factor. The nucleate boiling suppression factor was modified based on the new enhancement factor, i.e. depends also on We g . For the nucleate boiling part, they suggested using the nucleate pool boiling correlation of Stephan-Abdelsalam [19] that was developed for refrigerants rather than using the Forster-Zuber [20] correlation. Bertsch et al. [18] proposed a correlation for predicting the saturated flow boiling heat transfer coefficient in mini and microchannels. This correlation was developed based on a large experimental data base consisting of 3899 data points which were collected from 14 different experimental studies and included 12 different fluids including refrigerants and diameters ranging from 0.16 to 2.92 mm. The Cooper [21] correlation was recommended for the nucleate pool boiling term. The nucleate boiling suppression factor was found to be dependent on vapour quality only rather than the two phase Reynolds number. Thus they simply used the term (1 À x) as a nucleate boiling suppression factor. The single phase heat transfer coefficient in the convective boiling term was calculated as the average of the all-liquid single phase heat transfer coefficient (h Lo ) and the all-vapour single phase heat transfer coefficient (h go ) weighed by vapour quality. They modified the convective boiling enhancement factor and correlated it as a function of vapour quality (x) and the confinement number (Co) proposed by Kew and Cornwell [22] . This correlation predicted their database with a MAE value of 28% and with more than 60% of the data located within ±30% error bands.
The second approach adopted in developing flow boiling heat transfer correlations was the asymptotic model in which the heat transfer coefficient approaches either the nucleate boiling or the convective boiling components, i.e. selecting the component which is the largest, as described in the work of Kandlikar and Balasubramanian [23] and Mikielewicz [24] , see Table A1 . Kandlikar and Balasubramanian [23] extended the macroscale correlation of Kandlikar [25] to incorporate transition and laminar patterns in microchannels. The original correlation of Kandlikar [25] assumed that the contribution of nucleate and convective boiling mechanisms is additive for each region, i.e. the nucleate boiling dominant region and the convective boiling dominant region. The total two phase heat transfer coefficient was selected as the largest of the heat transfer coefficients in the nucleate boiling and the convective boiling dominant region. The effect of fluid type was incorporated using a fluid dependent parameter (F fl ) in the nucleate boiling term. This parameter acted as a correction factor that accounts for all other parameters influencing nucleate boiling. The new microscale modifications include: (i) dropping the Froude number (Fr) from the original correlation because channel orientation is insignificant in mini/microchannels and (ii) modifying the single phase heat transfer coefficient based on flow conditions, i.e. laminar, transition and turbulent. The correlation is valid for water and 
For turbulent flow: , P = 0.4-64 bar. It was proposed that the single phase liquid heat transfer coefficient in the transition region can be calculated by interpolation between the all-liquid Reynolds number, Re Lo = 1600 and Re Lo = 3000. Mikielewicz [24] proposed a model based on the analogy between momentum transfer and energy transfer. The model started with the premise that the total energy dissipation in the flow is the sum of the energy dissipation due to shearing flow without nucleation and the energy dissipation due to nucleation. Under steady state conditions in two phase flow, the energy dissipation was approximated by the viscous energy dissipation per unit volume in the boundary layer. Using the analogy between momentum and energy transfer, the two phase heat transfer coefficient was written in a form similar to the asymptotic model with an exponent n = 2 but this exponent was obtained based on a theoretical analysis rather than empirical adjustments. The two phase heat transfer coefficient was expressed in terms of the frictional two phase multiplier of M} uller-Steinhagen and Heck [26] , the boiling number (Bo) and the all-liquid Reynolds number. The Cooper [21] pool boiling correlation was recommended for the nucleate boiling term corrected by a factor that depends on the allliquid Reynolds number, boiling number and the frictional two phase multiplier.
In addition to the two complex approaches mentioned above, a third simple approach was followed by some researchers through fitting their experimental data as a function of the most important dimensionless groups, i.e. statistical correlations. Examples on this approach are the correlations proposed by researchers [27, 28, 22, 4, [29] [30] [31] , see Table A1 . Lazarek and Black [27] correlated their 728 data points by fitting the data using the least square method as a function of boiling number and the all-liquid Reynolds number. It is worth noting that the exponent of the Bo number in the correlation is almost similar to the exponent of heat flux in the nucleate pool boiling correlations. In other words, the correlation indicates the dominance of nucleate boiling and also takes into consideration the effect of tube diameter. Also, it is clear from the correlation that the mass flux effect is small, i.e. the exponent of the mass flux is 0.143. The correlation is valid for R113, D = 3.1 mm, G = 125-750 kg/m 2 s, q = 14-380 kW/m 2 and P = 1. [25] and Liu and Winterton [32] and two microscale correlations proposed by Lazarek and Black [27] and Tran et al. [33] . All the examined correlations significantly overpredicted the experimental data but captured the experimental trend of the local heat transfer coefficient, which was independent of local quality. The only exception in their comparison was the correlation of Tran et al. [33] that predicted an incorrect trend, i.e. it showed a sharply decreasing trend with increasing quality. The behaviour of the Tran et al. [33] correlation reported in [14] was not consistent with the experimental results of Tran et al. which do not show any dependence on local quality. The incorrect trend of the Tran et al. correlation was resulting from the fact that the authors in [14] multiplied the confinement number by (1 À x), which did not exist in the Tran et al. original heat transfer correlation but in the pressure drop correlation. Eventually, they correlated the two phase heat transfer coefficient normalised by the single phase laminar heat transfer coefficient as a function of boiling number and vapour quality. This correlation is valid for FC84, D h = 0.75 mm, 0.00027 6 Bo 6 0.00089 and 0.03 6 x 6 0.55.
Lee and Mudawar [29] investigated flow boiling heat transfer of R134a in a microchannel heat sink with a hydraulic diameter of 0.35 mm. The macro and microscale correlations failed to predict their experimental data and thus they proposed a new correlation for saturated flow boiling in microchannels. The correlation was developed based on 318 data points of which 111 data points were for R134a and the remaining for water. They found that the boiling number and the liquid Weber number as well as the Martinelli parameter are the important dimensionless parameters to be included in the correlation. They divided the quality domain into three ranges based on the dominant mechanism in order to achieve accurate predictions and proposed a correlation for each range. In the first range (x < 0.05), the dominant mechanism was nucleate boiling whereas convective boiling dominated at the intermediate quality range (x = 0.05-0.55) and high quality range (x > 0.55). Although nucleate boiling was the prevailing mechanism at very low quality, the heat transfer coefficient was correlated as a function of the Martinelli parameter only, which is a flow parameter without including any term for the heat flux effect in this region. Li and Wu [30] collected a large number of experimental data points from the open literature covering saturated flow boiling heat transfer in mini/microchannels. The database consists of 3744 data points and covers hydraulic diameters ranging from 0.16 to 3.1 mm with most data located in the laminar regime. They have correlated the data as a function of three dimensionless parameters namely boiling number, Bond number (Bd) and liquid Reynolds number. The boiling number accounts for the heat and mass flux effects, the Reynolds number accounts for inertia and viscous effects and the Bond number accounts for gravity and surface tension effects. Mahmoud and Karayiannis [31] proposed very recently a statistical correlation for flow boiling heat transfer of R134a in micro tubes with diameter ranging from 4.26 to 0.52 mm. The heat transfer coefficient was fitted as a function of boiling number, Weber number, liquid Reynolds number, confinement number and convection number using the multi-parameter nonlinear least square fitting. The correlation was based on 5152 data points excluding dryout data and valid for G = 100-500 kg/ m 2 s, P = 6-14 bar, q = 2.4-175.4 kW/m 2 . This correlation predicted 91.4% of the data within the ±30% error bands with a MAE value of 15%.
Mechanistic models
The above review demonstrated that the developed microscale correlations are not general and may not be extrapolated with confidence outside their applicability ranges. Therefore, models based on the prevailing physical phenomena are also a way forward.
Unfortunately, there is a very limited number of mechanistic models in the open literature -and this reflects the lack of knowledge of the physical phenomena at the microscale level. Jacobi and Thome [34] proposed a heat transfer model based on the premise that thin-film evaporation into elongated bubbles is the most important mechanism in microchannels. At a fixed location, a pair composed of an elongated bubble and liquid slug was assumed to pass with a velocity equal to the homogeneous velocity. Principally, this model is based on the idea that during elongated bubble flow a thin liquid film of uniform thickness forms around the bubble and the film becomes thinner as evaporation starts until the arrival of the next liquid slug. This model requires the knowledge of the critical nucleation radius or effective wall superheat in order to estimate the frequency of the pairs and also requires the knowledge of the initial film thickness. When the model was compared with experimental data assuming initial film thickness in the order of 10-20 lm, it managed to predict the data, which confirmed that thin-film evaporation maybe the dominant mechanism in microchannels. Thome et al. [35] extended this model to include the passage of a vapour slug when dryout occurs and called it ''three-zone model''. In this version, a cyclic passage of liquid slug, elongated bubble and vapour slug was considered. The local time averaged heat transfer coefficient predicted by the model is given by Eq.
(1). They got a continuous relation for the initial film thickness based on the work of Moriyama and Inoue [36] and applying the asymptotic approach. Dupont et al. [37] compared the model with a large experimental database collected from seven different studies and optimised the pair generation frequency, the final film thickness and the adjustable constant in the initial film thickness correlation. The database covered seven fluids namely: R11, R12, R113, R123, R134a, R141b and CO 2 . The model successfully predicted 70% of the data within ±30% and the effects of various parameters such as heat flux, mass flux, system pressure and vapour quality. Shiferaw et al. [38] compared their experimental results for R134a and a diameter of 1.1 mm with the three-zone model. They reported that the model predicted fairly well data that could be interpreted traditionally in the nucleate boiling regime. The model over-predicted data in which dryout was thought to occur. The effect of pressure changes was correctly predicted but the actual experimental changes were greater. The model showed a slight effect of mass flux that was not seen in the data. The study included a parametric sensitivity of the model, which, according to Shiferaw et al. [38] could be useful for suggestions for modifications for improving the predictive capability of the model. Qu and Mudawar [39] developed a mechanistic heat transfer model for the annular flow pattern region in microchannels. The model took into account the liquid droplet entrainment to the vapour core. They proposed a correlation for the mass transfer coefficient and applied the one dimensional mass and momentum conservation equations to obtain local parameters such as pressure gradient, film thickness, interfacial shear stress and flow rate in the liquid film. The two phase heat transfer coefficient was calculated by dividing the liquid thermal conductivity by the determined film thickness (k L /d). This model predicted all their experimental data for water with an uncertainty of ±40% and average error of 13.3%. Boye et al. [40] presented a one dimensional, steady state and incompressible flow model with constant properties for annular flow in microchannels. They applied the momentum equation for the liquid and vapour phases and obtained an analytical expression for the variation of the vapour core radius (film thickness) as a function of quality. The local heat transfer coefficient was then calculated from the local film thickness h tp (z) = k L /d(z). Consolini and Thome [41] developed recently a heat transfer thin film evaporation model that takes bubble coalescence into consideration. The model is valid in the quality range from the transitional quality from isolated bubbles to coalescing bubble and the transition quality from coalescing to annular flow. This was to account for the redistribution of the liquid in the flow structure resulting from the breakup of liquid slugs during coalescence. They got an analytical expression for the average heat transfer coefficient as given by Eq. (2) . A comparison of the model against their experimental data (980 data points) indicated that 83% of the data were predicted within the ±30% error band.
Experimental facility
An experimental facility was designed and constructed to investigate flow boiling of R134a in small to micro diameter tubes. The detailed description of the test rig can be found in earlier publications, [14, 38, 42] . Four stainless steel tubes were investigated in the current study: one tube with D = 0.52 mm and L = 100 mm and three tubes with D = 1.1 mm and L = 150, 300, 450 mm. All tubes are seamless cold drawn tubes made of stainless steel AISI316. Each test section consists of an adiabatic calming section with length of 150 mm, heated section and a borosilicate visualisation section with length of 100 mm. The heated section was directly heated by passing a DC current through two copper electrodes that were welded at the inlet and outlet. The power supplied was measured directly between the test section electrodes using a Yokogawa power meter WT110 with an accuracy of ±0.29%. This excluded the voltage drop across the connections between the power supply and the test section electrodes. The outer tube surface temperature was measured locally by K-type thermocouples with a mean absolute error of ±0.22 K attached at equal intervals. The first and last thermocouples were located away from the electrodes to avoid the effect of end heat losses at the electrodes. All thermocouples were attached to the surface by using an electrically insulating but thermally conducting epoxy. Fluid temperature and pressure were measured at the test section inlet and outlet using T-type thermocouples with accuracy of ±0.1 K and pressure transducers with accuracy of ±0.32% respectively. The pressure drop was directly measured between the test section inlet and outlet using a differential pressure transducer (PX771A-025DI) with an accuracy of ±0.1%. It is worth noting that, there are no flow restrictions at the test section inlet and outlet. A Phantom V4 digital high speed camera with 1000 frame/s and a resolution of 512 Â 512 pixels was used for flow visualisation. The data were monitored through a Labview program at a frequency of 1 Hz using three data loggers: Solartron models SI35951E (two) and SI35351C. All the data were recorded for 90 s after attaining steady state and the sample of the 90 data points was averaged and used in the calculations. It is worth mentioning that the data used in this analysis correspond to stable boiling, see Karayiannis et al. [14] and Mahmoud et al. [43] .The procedure used for calculating the heat transfer coefficient from the collected data is given in Mahmoud et al. [44] . The mean uncertainty in the heat transfer coefficient is 7.4%, see [44] .
Assessment of correlations
This section presents a detailed assessment for six macroscale correlations [15, 25, 32, [45] [46] [47] and twelve microcale correlations [4, [16] [17] [18] [22] [23] [24] [27] [28] [29] [30] [31] , see Tables A1 and A2 for the equations. In addition to that, Cooper [21] pool boiling correlation was assessed as a base case for pure nucleate boiling. The current experimental database included in the assessment consists of 5789 data points for R134a, for a tube with D = 0.52 mm and three tubes with D = 1.1 mm (L = 150, 300 and 450 mm) at P = 6-10 bar and G = 100-500 kg/m 2 s. It is worth mentioning that the data after dryout were excluded from the comparison because most correlations did not consider post dryout heat transfer. Dryout was identified, from the h vs. x graphs, as the local vapour quality at which the heat transfer coefficient starts to decrease rapidly. Table 1 summarizes the vapour quality range at which dryout occurred for each test section. The lower limit of the vapour quality range in Ta (3) is the number of experimental data points.
Local assessment
Figs. 1 and 2 depict the local assessment of the examined macro and microscale correlations respectively. The correlations proposed by Lazarek and Black [27] and Tran et al. [28] were not included here since they correlated the average heat transfer coefficients without any dependence on local quality. The assessment was conducted at a mass flux value of 300 kg/m 2 s, system pressure of 6 bar and a selected value of heat flux. Since all examined correlations superimpose the contributions of nucleate and convective boiling mechanisms, the heat flux value was selected such that the corresponding exit quality is about 0. [32] correlations. Additionally, the difference between all correlations, except those of Gungor and Winterton [46] and Stiener and Taborek [47] , becomes small as the vapour quality increases. The values predicted by Kandlikar [25] correlation are the closest to the experimental values but only over a narrow quality range x % 0.1-0.3. Fig. 1(b) shows for D = 1.1 mm (L = 150 mm) that, Kandlikar [25] correlation gives excellent agreement with the experimental trend and magnitude of the heat transfer coefficient. Contrary to the comparison with the 0.52 mm diameter tube data, Stiener and Taborek [47] correlation now under-predicts the experimental results and gives heat transfer coefficient values that increase with increasing vapour quality like the behaviour of Liu and Winterton [32] correlation. This reflects the sensitivity of this correlation to tube diameter as will be discussed later. The performance of the other correlations for this tube data was similar to that in the 0.52 mm tube. The behaviour of all correlations did not change when the heated length increased to 300 and 450 mm for D = 1.1 mm (Fig.1(c) and (d) ). Kandlikar [25] correlation predicts both the trend and magnitude of the heat transfer coefficient very well for the L = 450 mm tube and slightly under-predicts its magnitude in case of L = 300 mm. Fig. 2(a) indicates that for the 0.52 mm tube all microscale correlations failed to capture the experimental trend except the correlations of Bertsch et al. [18] and Mahmoud and Karayiannis [31] that show similar trend if the first data point in the low quality region was excluded. Kew and Cornwell [22] , Saitoh et al. [17] and Mikielewicz [24] correlations give a heat transfer coefficient that increases almost linearly with vapour quality. Warrier et al. [4] correlation predicts heat transfer coefficients that are much lower than the experimental values and remain almost constant with quality. Kandlikar and Balasubramanian [23] correlation predicts heat transfer coefficients that slightly decrease with quality up to a certain quality value after which the coefficient remains approximately constant with a further decrease at the high quality values. Zhang et al. [16] correlation behaves in a similar way to Chen [15] correlation where the coefficient increases with quality in the very low quality region with the effect of quality diminishing in the high quality region. The heat transfer coefficient predicted by the correlation of Lee and Mudawar [29] shows an N-shape trend, i.e. it increases with quality to a peak value at x % 0.1, then it decreases rapidly with quality up to x % 0.55 after which it jumps again to another peak value. Li and Wu [30] correlation predicts heat transfer coefficient values that show little dependence on vapour quality in the very small quality region and rapid decrease with vapour quality in the high quality region. It can be concluded from Fig. 2(a) that, there is an acceptable or approximate agreement between the experimental values and all microscale correlations over the qual-ity range from 0.1 to 0.3, except for the correlations of Warrier et al. [4] , Kandlikar and Balasubramanian [23] and Zhang et al. [16] . Fig. 2b indicates that for the 1.1 mm tube (L = 150 mm) only the correlations of Kew and Cornwell [22] and Mikielewicz [24] agree with the experimental trend and values very well. The correlations of Saitoh et al. [17] , Bertsch et al. [18] and Li and Wu [30] agree very well with the experimental values only in the low quality region (up to x % 0.3). The correlation of Mah- [45] h tp = MAX(h cb , h nb ) Valid over reduced pressure range of 0.004-0.8
Based on 780 data points 
Based on 10262 data points for water and 2345 data points for four refrigerants (R11, R12, R22, R113), seven hydrocarbons (benzene, n-pentane, n-heptane, cyclohexane, methanol, ethanol, n-butanol) and three cryogenics (nitrogen, hydrogen and helium) h nb,0 = 3500 W/m 2 K for R134a moud and Karayiannis [31] predicts higher values in the low quality region but gets progressively better with quality. All other correlations deviate significantly from the experimental values. Fig. 2(c) indicates for the 1.1 mm tube with L = 300 mm that all correlations disagree with the experimental values except the correlation of Li and Wu [30] and Mahmoud and Karayiannis [31] , which agreed very well but only up to x % 0.3. At higher quality values the predictions are still within the error band. In Fig. 2 Table 2 summarizes the statistical assessment of the six examined macroscale correlations while Fig. 3 illustrates the global comparison with these correlations. It is clear that Kandlikar [25] and Gungor and Winterton [46] correlations perform much better than the rest. A more detailed discussion on the performance of the correlations is given below. On the other hand, for the tube with L = 300 and 450 mm, the performance of the correlation was the same with a MAE value of about 50% and about 45% of the data within the ±30% error bands. Fig. 1 explains the performance of the Kandlikar [25] correlation in the global comparison. Fig. 1(a) indicates that for the 0.52 mm dia. tube there is some agreement between the predicted and experimental values over a narrow range of vapour quality (x % 0.1-0.3) with magnitudes less than the experiment. This is clear from Fig. 3(a) where the correlation under-predicts most of the data in this tube. On the contrary, the correlation captured the correct experimental trend and magnitudes in the shortest 1.1 mm dia. tube up to x = 0.7. The over-prediction depicted in Fig. 3 for the D = 1.1 mm tube was found to occur at vapour qualities greater than 0.7. According to the correlation (see Table A2 ), as the quality approaches unity the convection number (Nco) approaches zero and thus the heat transfer coefficient approaches infinity. This creates a very high over-estimation for the heat transfer coefficient at very high vapour quality values. So, it can be concluded that Kan- Table 2 indicates that the correlation predicts 36.7% of the micro-tube data within the ±30% error bands with a MAE value of 62.8%. On the other hand, the prediction gets better in the 1.1 mm diameter tubes particularly in the tube with the shortest heated length, where the correlation predicted 50.2% of the data within the ±30% error bands with a MAE value of 33.4%. The performance of the correlation in all tubes can be explained using Fig. 1 . The correlation gives a heat transfer coefficient that is almost independent of vapour quality in the low quality region and it decreases slightly with quality in the high quality region. This trend is consistent with the experimental trend in the tube with heated length of 150 mm. However, the correlation over-predicts the experimental values at high heat flux values. In other words, the correlation works reasonably at low to intermediate heat flux values. The over-estimation of the heat transfer coefficient at high heat fluxes could be attributed to the inclusion of the boiling number in the convective boiling enhancement factor (F). This means that, the heat flux effect was considered in the convective boiling term as well as the nucleate boiling term. The exponent of (q) was 0.67 in the nucleate boiling term and 1.16 in the convective boiling term. As a result, increasing the heat flux by small values will result in very high increments of the heat transfer coefficient that exceed the experimental values. As the heated length increased, the experimental heat transfer coefficient exhibited some dependence on vapour quality after x = 0.3-0.4 where the coefficient increased with vapour quality. This quality effect was not predicted by the correlation and this resulted in a higher mean absolute error compared to the 150 mm heated length.
Chen correlation.
Chen [15] correlation predicted only 14% of all data within the error band at a MAE value of 92.3%. Fig. 1 indicates that the Chen correlation gives a heat transfer coefficient that moderately increases with increasing vapour quality in the very low quality region and then shows a plateau as the quality increases. The behaviour of the correlation at very low vapour quality values is opposite to the experimental behaviour where the heat transfer coefficient drops from its maximum value at x ffi 0. Accordingly, the maximum deviation between the predicted and measured values is expected to occur at very low vapour quality values and also at high vapour quality values when the experimental heat transfer coefficient exhibits an increasing trend with vapour quality. The global high deviation between the Chen correlation and the experimental values may be attributed to the fact that the correlation was developed using data for water and hydrocarbons only. These fluids have a much higher surface tension compared to R134a, which significantly influences the bubble departure diameter and the characteristics of the flow patterns. Another reason could be the accuracy of the nucleate pool boiling correlation of Forster and Zuber [20] which gives much lower values than the Cooper [21] correlation, the later taking into account the effect of fluid type, surface roughness, heat flux and reduced pressure.
Shah correlation.
Shah [45] correlation predicted only 12.7% of all data within the error bands at a MAE value of 58.3%. As presented in Fig. 1 , the heat transfer coefficient predicted by the Shah [45] correlation drops from a high value at very low vapour quality and then it increases constantly with increasing vapour quality. This trend was similar to the current experimental trend. Inspecting the performance of the correlation at different experimental conditions (not shown in the figure) demonstrated that the correlation tends to work better in the very low quality region, at high system pressure, and at very high vapour quality. This can be explained as follows: as system pressure increases, the latent heat decreases and consequently the boiling number increases. In their correlation (see Table A2 ), the nucleate boiling term was introduced as a function of the boiling number only. Therefore, increasing heat flux at high system pressure (increasing boiling number) results in high magnitudes of the predicted heat transfer coefficient in the very low quality region (nucleate boiling) which are close to the experimental values. Additionally, as the vapour quality increases to high values, the magnitude of the convection number becomes very small and consequently the convective heat transfer coefficient becomes too large. It approaches infinity as x approaches 1. Therefore, a small number of data points matched the experimental values at these conditions (high pressure, very low and very high quality). The global tendency of the correlation to under-predict significantly the experimental values could be due to the use of the boiling number only to correlate the nucleate boiling term. The boiling number includes only the latent heat as a fluid property. This means that other parameters such as surface roughness, fluid properties and reduced pressure that influence significantly the nucleate boiling heat transfer rates were not taken into consideration. [32] correlation predicted only 8.9% of all data within the error band at a MAE value of 59.3%. This correlation looks similar in performance to Chen [15] correlation though the method of combining the contribution of the nucleate and convective boiling is different. The differences between the Liu-Winterton correlation and the others are that the single phase liquid heat transfer coefficient and the nucleate boiling suppression factor were calculated based on the all-liquid Reynolds number rather than using the liquid Reynolds number, i.e. using G not (1 -x)G.
Liu and Winterton correlation. The Liu and Winterton
4.2.1.6. Steiner and Taborek correlation. Steiner and Taborek [47] asymptotic model predicted only 12.7% of all data within the error band at a MAE value of 91.3%. Fig. 3(f) indicates that the correlation over-predicts significantly the experimental data of the 0.52 mm dia. tube, while it tends to under-predict most of the data of the 1.1 mm dia. tube. It is very clear from Eq. (4) that, the correlation takes into consideration the effect of tube diameter in the nucleate boiling factor (F nb ). The nucleate boiling factor increases and consequently the heat transfer coefficient increases as the diameter decreases. Increasing the diameter from 0.52 to 1.1 mm resulted in a decrease in the normalised diameter term in Eq. (4) Table 3 summarizes the statistical assessment of the examined microscale correlations while Fig. 4 depicts the global comparison. It is worth mentioning that the Cooper pool boiling correlation is included here for the sake of comparison though it is not a microscale correlation. The performance of each correlation is assessed in more detail as given below.
Mahmoud and Karayiannis correlation.
It is obvious from the table that all correlations failed to predict the experimental data reasonably well, except the correlation of Mahmoud and Karayiannis [31] . This correlation predicted 87.3% of the data within the ±30% error bands at a MAE value of 15.9%, see Fig. 4(m) . Although Mahmoud and Karayiannis [31] excluded the data of the two longest 1.1 mm diameter tubes when developing the correlation, it could still predict the data of these longest tubes reasonably. The performance of this correlation is much better than all examined correlations, see Table 3 .
Zhang et al. correlation.
The second best examined correlation was that of Zhang et al. [16] but modified by using the Cooper [21] correlation for the nucleate boiling term as proposed by Karayiannis et al. [48] , instead of using Forster-Zuber [20] found in the original correlation, see Fig. 4g . It predicted 68.4% of all data within the ±30% error bands with a MAE value of 41%. It is worth mentioning that the original Zhang et al. [16] correlation predicted only 12.6% of all data within the error bands with a MAE value of 103% as shown in Fig. 4(f) . Although the original Zhang et al. [16] correlation is a modified version of the Chen [15] correlation, it is clear that the correlation does not add any improvements in predictability. Fig. 2 indicates that, the behaviour of the predicted local heat transfer coefficient using Zhang et al. [16] original correlation is similar to that predicted by Chen [15] correlation. Both correlations predict a heat transfer coefficient that increases rapidly with quality in the very low quality region and increases very slowly with quality in the high quality region, which is different from the experimental trend.
Cooper pool boiling correlation.
Cooper [21] correlation was next in global performance, see Fig. 5 . It predicted 63.7% of all data within the ±30% error bands with a MAE value of 35% which is much better than the assessed macro and microscale correlations. The performance of the Cooper correlation for each tube is indicated in Table 3 . It predicted 51.5% of the micro tube data within the ±30% error bands and 85% of the shortest mini tube data within the ±30% error bands. As the heated length increased, the performance of the correlation deteriorates compared to the shortest tube. The performance of this correlation looks very consistent with the experimental results for each tube. In the 0.52 mm dia. tube, nucleate boiling appears to dominate up to a vapour quality value of about 0.4 (mid quality range). This means that about 50% of the data in this tube (data with x < 0.4) may be in the nucleate boiling regime, which agrees with the correlation where 51.5% of the data were predicted very well. By contrast, the experiment indicated that all data before dryout (see Table 1 ) of the shortest 1.1 mm dia. tube (L = 150 mm) could be in the nucleate boiling regime. Therefore the correlation performed very well with this tube. As the heated length of the 1.1 mm dia. tube was increased, both nucleate and convective boiling exists, which makes the performance of the correlation worse. [30] and Mikielewicz [24] follow the order of ability to predict the experimental data. Li and Wu [30] correlation predicts heat transfer coefficient values that decrease very slowly and at a higher rate in the low and high quality region respectively, see Fig. 2 . The cor-relation predicts 60.1% of all data within the error bands at a MAE value of 56%. Table 3 indicates that for the 0.52 mm dia. tube, the correlation predicts only 43% of the data within the error bands with a high MAE value of 58.4%. The performance of the correlation improves in the 1.1 mm dia. tube with heated lengths of 150 and 300 mm where about 70% of the data were predicted within the error bands. However, the MAE value in the 1.1 mm dia. tube with L = 150 mm was less than 30% compared to 64.4% for L = 300 mm. The value of the MAE is usually influenced by the heat transfer coefficient value at the first location in the very low quality region and the delay in boiling incipience. As the heated length increased to 450 mm, the correlation predicted only 52.3% of the data within the error bands with MAE value of 70.6%. It can be concluded that, the correlation highly under-predicts the experimental values in the high quality region particularly when the measured heat transfer coefficient increases with vapour quality. The heat transfer coefficient predicted by this correlation depends on heat and mass flux with exponents 0.3 and À0.156 respectively which reflects the small effect of these two parameters. The correlation predicts that the heat transfer coefficient increases with decreasing tube diameter with an exponent of D being 0.456. Some investigators such as Saitoh et al. [17] , Karayiannis et al. [48] and Consolini and Thome [49] reported that the heat transfer coefficient increases with decreasing tube diameter.
Li and Wu correlation. The correlations of Li and Wu
Mikielewicz correlation.
Mikielewicz [24] correlation could predict up to 60% of all data within the error bands. Its performance is significantly influenced by the variation of the heated length of the 1.1 mm diam. tube. For the shortest tube, the correlation predicted reasonably 76.3% of the data with a MAE value of 21.8%. For L = 300 mm it predicted only 65.3% of the data within the error bands and this value decreased to 45.8% when the heated length increased to 450 mm. Fig. 2 illustrates that the correlation predicts heat transfer coefficient values that increase moderately with increasing vapour quality. This may explain the success of the correlation in predicting the data of the shortest tube where the heat transfer coefficient was independent of vapour quality. Fig. 4(j) . It predicts only 57% of all data within the error bands at a MAE value of 38.8%. The correlation predicted about 55% of the 0.52 mm dia. tube data within the error bands with an error value of 37.6%. For the 1.1 mm dia. tube with L = 150 and 300 mm, the performance of the correlation was almost similar, with about 60% of the data predicted within the error bands. As the heated length increased to 450 mm, the prediction gets worse and only 45.1% of the data were predicted within the error bands. Looking at Fig. 2(a) for the 0.52 mm dia. tube, the correlation predicted heat transfer coefficient values that increase with vapour quality towards the exit, which is similar to the experimental trend. For the 1.1 mm dia. tube, the correlation predicted heat transfer coefficient that sharply (Fig. 2(b) ) or slightly decreases with vapour quality (Fig. 2(c) and (d) ). This behaviour may be attributed to the functional form selected for the nucleate boiling suppression factor and the convective boiling enhancement factor. The convective boiling enhancement factor was correlated using the confinement number but gives values that contradict the confinement principle. Confinement effects are significant when the confinement number is in excess of 0.5. So, it is expected that the higher the confinement number, the higher the enhancement in convective boiling. However, the proposed correlation for the convective boiling gives values that increase with decreasing the confinement number. Also, for a fixed value of the confinement number, the enhancement factor reaches a peak value at x % 0.78 after which it rapidly decreases with increasing vapour quality. Additionally, introducing the nucleate boiling suppression factor as a function of vapour quality only may not be enough. Nucleate boiling suppression seems to be influenced strongly by other parameters, such as flow velocity and fluid properties that affect strongly the characteristics of the boundary layer next to the wall. The rapid decrease in the heat transfer coefficient with increasing vapour quality that was observed only in the shortest 1.1 mm dia. tube (L = 150 mm) can be attributed to the operation at much higher heat flux values compared to the other tubes. This results in much higher nucleate pool boiling heat transfer coefficient according to Cooper [21] correlation, which when it is multiplied by the suppression factor (1Àx), results in the rapid decrease with quality.
Saitoh et al. correlation.
Saitoh et al. [17] correlation predicted only 55.6% of the data within the error bands at a MAE value of 43.3% as seen in Fig. 4i . According to Fig. 2 the correlation predicts that the heat transfer coefficient increases moderately with quality in the 0.52 mm dia. tube while it decreases very slightly with vapour quality in the 1.1 mm tubes. In all tubes, the coefficient jumps to a very high value as the quality approaches to 1 (not shown in Fig. 2) . Also, by inspecting the performance of the correlation at different operating conditions (not shown in Fig. 4) , it was found that the correlation highly under-predicts the data at low heat flux values. Similar to the abovementioned [4] , (e) Kandlikar and Balasubramanian [23] , (f) Zhang et al. [16] , (g) modified Zhang et al. [16] , see [48] (h) Lee and Mudawar [29] , (i) Saitoh et al. [17] , (j) Bertsch et al. [18] , (k) Mikielewicz [24] , (l) Li and Wu [30] , (m) Mahmoud and Karayiannis [31] .
correlations, the performance of this correlation gets worse as the heated length increases. Although this correlation was developed for R134a and tubes with diameter ranging from 0.51 to 10.92 mm, it failed to predict reasonably the data of the current study (R134a). This may be attributed to the following reasons: (i) the heated length of the examined tubes in their study was too long compared to the one used in the present study, i.e. 500 mm versus 100 mm for D = 0.5 mm and 935 mm versus 150, 300, 450 mm for D = 1.1 mm. The heated length influences the operating heat flux value, i.e. for the same exit quality a high heat flux value is required in short tubes compared to long ones. The long heated length as well as the low operating heat flux values may influence the magnitude and trend of h vs. x.
(ii) the experimental procedures in their study was different compared to that followed in the present study. In their experiment, they avoided the boiling incipience-related issues through triggering boiling using a valve located ahead of the test section while in the present study boiling was triggered normally inside the test section. Boiling incipience might influence the history of the heat transfer process. (iii) They conducted their experiments in horizontal tubes compared to vertical tubes used in the present study, i.e. possible stratification effects. [22] correlation predicted only 52.5% of the data within the error bands at a MAE value of 39.8% as seen in Fig. 4(c) . Since the correlation is a modified version of Lazarek and Black [27] correlation, the difference in performance is not that large (see Fig. 4(a) for the comparison with [27] ). The performance of Kew and Cornwell [22] correlation can be explained using Fig. 2 . The correlation predicts that the heat transfer coefficient increases at a slow rate with quality in the very low quality region and at a relatively faster rate in the high quality region. However, the slope of the h-x curve predicted by the correlation is much smaller than the slope of the experimental curve particularly after x % 0.3-0.4 for all tubes. Accordingly, the correlation deviates significantly from the experimental values at x > 0.4 and at the first data point for all tubes except the shortest 1.1 mm dia. tube. In this tube, the experimental slope of the h-x curve was very small, i.e. the coefficient was independent of vapour quality, which is close to the predicted slope by the correlation. This may explain why the correlation succeeded to predict 69.1% of the data in this tube with a small error value of 25.7%. [27] correlation predicted 42.4% of the data within the error band at a MAE value of 43.5%. It predicted only 43.7% of the data of the 0.52 mm dia. tube within the error bands with a mean absolute error value of 51.6%. Its performance is consistent with the behaviour of the measured heat transfer coefficient in this tube. The measured coefficient drops from maximum value at x % 0, then it remains approximately constant over x % 0.1-0.4. Following that it increases continuously with quality. Since the correlation predicts that the heat transfer coefficient remains constant with quality, it is expected that the correlation highly under-predicts the experimental values at x < 0.1 and x > 0.4. On the other hand, the correlation performed much better in the shortest 1.1 mm dia. tube with MAE of 32.15% and 65.8% of the data within the error bands whilst the prediction gets worse as the heated length increases. Its success in predicting most of the data in the shortest tube is attributed to the dominance of nucleate boiling over all quality values. As the heated length of the 1.1 mm dia. tube increases, nucleate boiling prevailed in the low to intermediate quality region and convective boiling prevailed in the high quality region. The correlation was developed based on the fact that nucleate boiling is the only dominant mechanism and thus the predictions deteriorate as the heated length increases due to contribution of nucleate and convective boiling. Brass is more ductile than stainless steel and therefore the inner surface characteristics and consequently nucleation characteristics and heat transfer coefficient can be different. This effect can be deduced from the exponent of the boiling number in the correlations, i.e. Tran et al. indicates that the heat flux effect is less compared to Lazarek and Black; (ii) difference in the investigated heated lengths, 124 mm in [27] and 870 mm in [28] . Karayiannis et al. [14] reported that increasing the heated length results in a reduction in the heat transfer coefficient for the same exit quality. This factor explains why the Tran et al. correlation highly under-predicts the experimental data; (iii) reported effect of tube diameter, i.e. in the Tran et al. correlation, a decrease in the tube diameter results in a decrease in the heat transfer coefficient, which is contrary to the trend in Lazarek and Black. boiling correlation predicts that the heat transfer coefficient decreases for fluids with high molecular weight. Accordingly, the heat transfer coefficient of FC84 is expected to be much smaller than that of R134a possibly explaining the tendency of the correlation to highly under-predict the experimental values.
Kew and Cornwell correlation. Kew and Cornwell
Lazarek and Black correlation. Lazarek and Black
(ii) Differences between the multi-microchannels arrangements compared to single tubes as well as the channel material. The multi-microchannels configuration could have uneven flow distribution to each channel and the prevalence of instabilities, which may influence the heat transfer characteristics. . Surprisingly, the performance of the correlation was very poor compared to the original Kandlikar [25] correlation, see Fig. 3(d) , which calls for a comment. Kandlikar and Balasubramanian [23] presented the original version of the correlation with a small difference compared to [25] , i.e. all equations were multiplied by the term (1 À x) 0.8 which was not included in the original form. They did not comment on this term and it was unclear whether it was included as a new modification or not. At vapour quality values very close to zero, the magnitude of this term approaches unity and the effect on the predicted values is expected to be small. However, as the quality increases, the magnitude of this term becomes much smaller than unity and consequently the magnitude of the predicted heat transfer coefficient is expected to be much smaller than the values predicted by the original correlation. [29] correlation predicted 21.5% of the data within the error bands at a MAE value of 117.5%, see Fig. 4 (h). It predicts poorly the experimental values with a large scatter possibly due to the fact that it is not capable of predicting the correct experimental trend, see Fig. 2 . The local heat transfer coefficient behaves according to an N-shape trend, which is completely different from the measured experimental trends in all tubes. So, the correlation has captured only a few number of experimental points and either under-predicted or over-predicted the others. The failure of this correlation to predict the current experimental data may be attributed to the fact that the correlation was developed for rectangular multi-microchannels using only a small number of data points for R134a. Another reason could be the difference in experimental methodology. The current experimental data were collected through increasing the heat flux gradually at constant pressure and mass flux. In [29] , the mass flux was varied while the pressure and the heat flux were kept constant.
Lee and Mudawar correlation. Lee and Mudawar
Assessment of mechanistic models
This section presents the assessment of the two mechanistic models proposed by Thome et al. [35] and Consolini and Thome [41] . Fig. 6 depicts the local comparison between the measured heat transfer coefficient and the three-zone model of Thome et al. [35] on the h-x plane at P = 6 bar and G = 300 kg/m 2 s. Fig. 7 shows the global comparison. The transition line from the coalescence bubble regime to the annular flow regime as determined experimentally by the present authors is also shown in Fig. 6 , because the model was developed for elongated bubbles (slug) flow. It is clear from the figure that the predicted heat transfer coefficient jumps to a peak value at x % 0 and then decreases continuously with increasing vapour quality. The behaviour of the model near x % 0 agrees with the experimental behaviour but under-predicts significantly the values at the first thermocouple location. This could be due to the high local pressure increase associated with bubble growth at the onset of boiling (x % 0) that was not taken into consideration by the model. In other words, the local pressure does not vary linearly in the very low quality region, i.e. the region around boiling incipience. Local pressure significantly influences the local saturation temperature and consequently the heat transfer coefficient. Accordingly, the value of wall superheat at boiling incipience will be smaller than that calculated based on the linear assumption, i.e. the heat transfer coefficient at the onset of boiling is higher. As seen in Fig. 6(a) , the model could not predict the increasing trend of the heat transfer coefficient with vapour quality in the 0.52 mm dia. tube and there is an global partial agreement only over a narrow quality range. This is also clear from the global comparison in Fig. 7 where the model predicted only 42% of the smaller tube data within the ±30% error bands at a MAE value of 39.2%, see also Table 4 . It is worth noting that, Fig. 6 indicates that the model tends to match or under-predicts slightly the experimental values at low to intermediate heat fluxes for all tubes. On the other hand, the model tends to over-predict significantly the data at high heat fluxes, which is clear in Fig. 6(b) for the shortest 1.1 mm dia. tube. However, the model predicted the trend very well in this tube. The higher values predicted at high heat flux may be due to the strong effect of heat flux on the pair frequency that is used in the model. The frequency was calculated using an empirical equation based on an optimization study. It is worth mentioning that, the pair frequency significantly affects the magnitude of the predicted heat transfer coefficient and it shifts the predicted values up or down. Shiferaw et al. [8] assessed the three-zone evaporation model using experimental data for R134a and tubes with diameters of 4.26 and 2.01 mm. They reported that the model predicted satisfactorily the data and they referred to the features of the model that require further modifications, i.e. bubble frequency and initial film thickness. They also stated that the local pressure fluctuations and nucleation before the location of the onset of the confined bubble should be considered. The model performed very well in this shortest 1.1 mm dia. tube where it predicted 76% of the data within the ±30% error bands at MAE value of 24%. As the heated length increased (Fig. 6(c) and (d) ), the heat transfer coefficient exhibited an increasing trend towards the exit, similar to the 0.52 mm dia. tube, which the model cannot predict. However, the performance of the model in the tube with L = 300 mm was similar to that in the shortest tube. It predicted 75.8% of the data within the ±30% error bands but at higher MAE value of 35.7%. The performance of the model deteriorated in the longest tube, i.e. it predicted only 55% of the data within the ±30% error bands at a MAE value of 48%. Figs. 8 and 9 depicts the comparison of the local and the global values with Consolini and Thome [41] model at P = 6 bar and G = 300 kg/m 2 s for the 0.52 mm dia. tube and the shortest 1.1 mm dia. tube. All data included in the comparison are located within the applicability range of the model, i.e. x c < x < x a . It is clear from Fig. 8 that the model predicted reasonably the trend and magnitudes for some heat fluxes but under-predicted significantly the data of the 1.1 mm dia. tube ( Fig. 8(b) ). Fig. 9 indicates that the model predicts poorly the experimental values in all tubes with relatively better performance in the 0.52 mm dia. tube. It is worth noting that, the three-zone model performs better in the comparison of the average values (global comparison) than this new model though both models assume thin film evaporation. The reason could be the size of the data bank that was used to correlate the empirical parameters in the two models. In the recent model, only data for tubes with diameters 0.51 and 0.79 mm and fluids R134a, R245fa and R236fa were used. In the 3-zone model, the empirical parameters were optimised using a larger data bank consisting of various fluids and tube diameters.
The proposed new correlation
As discussed above, none of the models and correlations could predict the experimental data of all tubes with a reasonable accuracy. The recent statistical correlation proposed by the present authors [31] provided improved predictions for our data. It predicted that the heat transfer coefficient decreases slightly with increasing vapour quality for all tube sizes. As the diameter decreases and/or heated length increases, there is a possibility for the trend of h vs. x to exhibit an increasing trend towards the tube exit. The recent correlation could not predict this increasing trend with quality and therefore it predicted the data of the two longest 1.1 mm tubes (the increasing trend towards the exit was clear in these two tubes) with lower accuracy. The increasing trend of h vs. x towards the tube exit observed in micro tubes may be due to the thinning of the liquid film, the possible suppression of nucleate boiling and the large enhancement in the convective boiling term. Accordingly, to capture the experimental trend, a new additional heat transfer correlation is proposed based on the superposition model of Chen [15] , which accounts for the contribution of nucleate and convective boiling. The database used in developing this correlation consists of 5152 data points for R134a and tubes with D = 4.26-0.52 mm and includes data obtained previously with the same experimental facility, Huo [50] and Shiferaw [51] . Table 5 includes the parameters and the variables in the data bank and the uncertainties in both the measured and the processed data. This is available to other researchers at (http://www.brunel.ac.uk/sed/ mecheng/research/ee/ceber) and should be referenced to this paper.
It is worth mentioning that the data of the 1.1 mm tube with L = 300 and 450 mm are excluded. In order to incorporate the effect of heated length into this or any other correlation, a wider range of L/D ratios should be studied. The form of the new correlation is given by Eq. (5). Cooper [21] pool boiling correlation given by Eq. (6) is used instead of Forster and Zuber [20] correlation, which was used in the original Chen [15] correlation. The single phase liquid heat transfer coefficient is calculated using the conventional single phase equations for laminar and turbulent flows as given by Eq. (7) based on the liquid Reynolds number defined by Eq. (8) . An interpolation was conducted between the laminar and turbulent heat transfer coefficients for the transition region. 
The remaining unknowns in Eq. (5) are the nucleate boiling suppression factor S new and the convective boiling enhancement factor F new . Chen [15] determined these two parameters empirically using experimental data for convective boiling of water and hydrocarbons in large diameter tubes. Therefore, it is no surprise that the correlations proposed by Chen [15] for these two parameters are not expected to work properly with refrigerants in small to micro tubes and consequently new relations are required. The experimental values of the enhancement factor should be determined first in order to propose a new correlation for the enhancement factor F new . Chen [15] proposed two approaches to determine this factor from the experimental data. The first approach involved an iteration process and the second was theoretical based on the analogy between heat and momentum transfer in the boundary layer. Chen [15] did not find any significant difference between the values of the enhancement factors calculated using the two methods. Therefore, in the current study, the second approach was selected to determine the experimental values of the enhancement factor. Chen [15] using this second approach, deduced the enhancement factor theoretically and introduced it as a function of the two phase frictional multiplier:
Eq. (9) is valid as long as the value of the liquid Prandtl number is about one. Bennet and Chen [52] modified Eq. (9) to extend the Prandtl number range to values greater than one as cited in Collier and Thome [53] , given as Eq. (10) below:
The two phase frictional multiplier proposed by Mishima and Hibiki [54] (see Eq. (11)) was used in this study since it was developed for small to mini diameter tubes and was useful in predicting the current experimental pressure drop data well, see Mahmoud et al. [55] . The determined enhancement factor F new was plotted against the reciprocal of the Martinelli parameter given by Eq. (12), see Fig. 10 . A total of 1249 data points for the shortest 1.1 mm diameter tube covering system pressure range of 6-10 bar, mass flux range of 100-500 kg/m 2 s and x up to 0.6-0.8 were used in this figure. It is obvious that, all data points collapsed into one single line without any scatter, which confirms the success of the reciprocal of the Martinelli parameter to correlate the enhancement factor. It is interesting to note that, the trend for the other tubes was similar to that in Fig. 10 but the slope of the curve was found to be dependent on the tube diameter. Therefore, all the data in the current data bank the data for D = 4.26-0.52 mm tube were included in the analysis to correlate the effect of diameter on the new enhancement factor (except the data for D = 1.01 mm and L = 300 and 450 mm). The proposed function for the enhancement factor that was found to fit all the experimental data is given by Eq. (13).
The constant A in the above equation was found to depend strongly on the confinement number as shown in Fig. 11 and was fitted by Eq. (14) .
A ¼ 2:812Co
As the confinement number increases (diameter decreases), the value of A decreases and consequently the enhancement factor. This may be attributed to the damping of turbulence with decreasing diameter, which reduces the convective heat transfer. This does not contradict with Karayiannis et al. [48] and Consolini and Thome [49] who reported that the flow boiling heat transfer coefficient increases as the diameter decreases. This is because they refer to the average heat transfer coefficient versus heat flux. Reducing tube diameter (increasing confinement number) may significantly increase the nucleate boiling heat transfer coefficient in the low vapour quality region and make the total average value larger. Fig. 12 depicts a comparison between the new proposed enhancement factor and the original one proposed by Chen [15] . It is obvious that, the two curves approach a value of one as 1/X decreases, i.e. as the vapour quality decreases. This is consistent with the fact that bubbly flow dominates at small vapour quality values and consequently nucleate boiling dominates over convective boiling and hence the enhancement factor should be one. On the other hand, the two curves tend to merge at very high values of 1/X. Significant deviations are observed for values between about 0.01 and 2. It is worth mentioning here that Chen [15] used the Martinelli parameter for turbulent liquid and turbulent vapour. In the current study the Martinelli parameter was calculated based on the actual flow conditions, i.e. laminar or turbulent.
The experimental suppression factor was calculated based on the enhancement factor determined using Eq. (15) . The result is plotted against the two phase Reynolds number defined by Eq. (16) for all tubes included in our data bank (except D = 1.1 mm and L = 300 and 450 mm), see Fig. 13 . The same function proposed by Chen [15] was used to correlate the data in this figure, but modified by the new enhancement factor as given by Eq. (17). 
S
Fig. 14 depicts a comparison between the new suppression factor and the original one proposed by Chen [15] . This figure explains why the original Chen correlation highly under-predicts the current experimental data as previously presented in Fig. 1(a) . The figure indicates that the nucleate boiling suppression factor of Chen decreases rapidly with the two phase Reynolds number. This makes the nucleate boiling term in the original correlation very small and consequently the total value of the heat transfer coefficient. On the contrary, the new modified suppression factor remains equal to one up to Reynolds number value of about 5 Â 10 4 then it decreases slowly with increasing Reynolds number.
The new correlation is valid for R134a, D = 4.26-0.52 mm, G = 100-500 kg/m 2 s, P = 6-14 bar and x < x dryout , i.e. the correlation is valid as long as there is no dryout. Dryout occurs at approximately x = 0.51, 0.42, 0.41, 0.77, 0.9 for D = 4.26, 2.88, 2.01, 1.1, 0.52 respectively. We expect these dryout values to be a guide but should be verified when using other data to compare with this correlation. Fig. 15 depicts the global comparison between the new correlation and the current experimental data. The correlation predicted 92% of all data within the error bands at a MAE value of 14.3%. It is worth mentioning that the new correlation predicted 93.3% of the data of the 1.1 mm tube (L = 300 mm) at a MAE value of 14% and predicted 87.4% of the longest tube (L = 450 mm) at a MAE value of 16.5%. This means that the performance of the new correlation changes slightly with the variation of the heated length which is different compared to the performance of the examined past correlations including the recent correlation proposed by the present authors.
Conclusions
This paper presented a detailed assessment for nineteen correlations as well as two existing mechanistic models. The assessment was conducted using local and average (global) heat transfer coefficients. In summary, our comparison demonstrated that all examined correlations are not general enough and/or could not predict the current experimental data with a reasonable accuracy. Also, the mechanistic models failed to predict the current experimental data of all tubes, which may be attributed to the fact that these models are not totally based on theory but depend on empirical parameters, i.e. they are semi-mechanistic models. A correlation developed earlier by the same authors predicted the current data with a very reasonable accuracy. This was a statistical determined relation, which did not predict the increasing trend of h vs. x in micro diameter tubes. However, this gives a very good prediction compared to the other models we examined and can be used in a lot of cases due its ease of application. The performance of most correlations changed with the change of diameter and heated length. This may be due to the fact that most microscale correlations were developed based on channels of short lengths. If the length is too short, the applied heat flux must be much higher for the same exit quality compared to long channels. Accordingly, there is a possibility for the nucleate boiling mechanism to dominate, i.e. the local heat transfer coefficient does not vary with local quality. Therefore, it is expected that these correlations perform poorly as the heated length increases, i.e. as h increases with x towards the channel exit. A new correlation of the Chen type was proposed in this paper, which is more general especially for refrigerants and can predict local and hence average heat transfer coefficient values. The new correlation predicts the increasing trend of h vs. x that was observed in micro tubes. The correlation predicted 92% of all data within the ±30% error bands at a MAE value of 14.3%. The new correlation predicted satisfactorily the data for the three different lengths available for the 1.1 mm dia. tube. However, the effect of heated length need to be examined further and included in a future version probably as a non-dimensional term (L/D).
